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In this  study,  low  cost  ceramic  supports  were  prepared  from  kaolin  via  phase  inversion  technique  with
two  kaolin  particle  sizes,  which  are  0.04–0.6  m (denoted  as  type  A)  and  10–15 m  (denoted  as  type  B),  at
different  kaolin contents  ranging  from  14  to 39  wt.%,  sintered  at 1200 ◦C.  The  effect  of  kaolin  particle  sizes
as well  as  kaolin  contents  on  membrane  structure,  pore  size  distribution,  porosity,  mechanical  strength,
surface  roughness  and  gas  permeation  of  the  support  were  investigated.  The  support  was  prepared  usingeywords:
eramic support
hase inversion
aolin
article size
kaolin  type A  induced  asymmetric  structure  by  combining  macroporous  voids  and  sponge-like  structure
in  the  support  with  pore  size  of  0.38  m and  1.05  m,  respectively,  and  exhibited  ideal  porosity  (27.7%),
great  mechanical  strength  (98.9  MPa)  and  excellent  gas  permeation.  Preliminary  study  shows  that  the
kaolin  ceramic  support  in  this  work  is  potential  to  gas  separation  application  at lower cost.
© 2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
en  acElsevier  B.V.  This  is an  op
. Introduction
Ceramic membranes are more favorable than polymeric mem-
ranes, especially in gas application, due to its high thermal
tability, good chemical compatibility and exceptional mechanical
trength [1,2]. By having such characteristics that require no main-
enance, the production of ceramic supports has gained attention
idely among the researchers. Maintenance is including replace-
ent of membranes, electricity consumption, cleaning products
nd labor prices. Previously, various ceramic membrane materi-
ls have been reported, such as alumina [3], nickel [4] and zeolite
5]. These materials are grouped into expensive materials used for
eramic support. At present, commercial macroporous supports∗ Corresponding author at: Integrated Material Process, Advanced Materials and
anufacturing Center, Universiti Tun Hussein Onn Malaysia, Parit Raja, Batu Pahat
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icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).cess  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
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are fabricated normally using -alumina with a particle size of
20–40 m,  and the preparation usually requires high sintering tem-
perature of more than 1700 ◦C to obtain a sufﬁcient mechanical
strength because of the lowest sintering activity of coarse-grained
alumina. Thus, this could indirectly increase the cost of support
production. Therefore, to reduce the cost, recent investigation on
the fabrication of ceramic support is focused toward the utilization
of cheaper raw materials, such as apatite powder [6], ﬂy ash [7],
natural raw clay [8,9], dolomite and kaolin [10,11]. Among these
ceramic materials, kaolin appeared to be a promising raw mate-
rial that is often used for separation application at lesser monetary
value [12]. In addition, kaolin is also one of the cheapest and the
most abundant support raw materials and it is easily obtained.
Previously, ceramic supports were prepared using pressing
method, in which the pressure was  applied to the support to force
the particle into a disk shape to form a dense structure [13]. In
addition, this method consumes much time and energy, and then
is followed by sintering process to obtain the ﬁnal ceramic sup-
port. Apart from that, pressing method is also quite expensive than
the fabrication method [14]. Moreover, most of the supports fabri-
cated using this method produce a symmetric structure instead of
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Table 1
Suspension composition for kaolin ceramic support.
Kaolin particle size Composition (wt.%)
Kaolin PESf NMP  Arlacel
Type A
14 78.22
19 73.22
24 68.22
29 6.78 63.22 1
34  58.22
39 53.22
Type B
14 78.22
19 73.22
24 68.22
29 6.78 63.22 1S.K. Hubadillah et al. / Journal of As
symmetric structure [15,16]. Therefore, employing another
ethod that could reduce costs, time and energy consumption and
t the same time induce asymmetric structure is highly sought to
roduce a new ceramic support.
Phase inversion technique is well known for polymeric mem-
rane fabrication that induces unique asymmetric structure. The
rst high ﬂux phase inversion membrane was introduced by Loeb
nd Sourirajan in 1963, in which the phase inversion technique
as applied to the polymeric membranes toward the salt rejection
17]. Due to this advantage, ceramic support by phase inversion has
een employed for a few decades. However, there were few studies
hat employed this technique into the ceramic support fabrication.
his is because phase inversion technique is a complex process but
nique in fabrication technique, in which many factors may  affect
he ﬁnal structure [13].
An ordinary factor that could affect the fabrication of ceramic
upport via phase inversion technique is particle size. Particle size
ad been assumed as one of the most crucial parameters in the
abrication of ceramic membrane as it inﬂuences the formation of
orous structure and pore size. This is according to Fletcher [17];
ifferent sizes of powders would give different shapes and densi-
ies, which could cause segregation when blending the solution.
ccordingly, many researchers have studied the effect of particle
ize in the fabrication of ceramic support before applying subse-
uent layer to produce a membrane via phase inversion technique
rom various materials [18–21].
In this study, ceramic support from kaolin powders was pre-
ared via phase inversion technique at two different particle sizes
f kaolin. Subsequently, six different percentages ranging from 14
o 39 wt.% from the total suspension had been investigated toward
eramic support structure. Then, ceramic support was  character-
zed in terms of its structure, porosity, mechanical strength and
urface roughness while gas permeation test has been conducted
oward gas permeability and selectivity effect.
. Materials and experimental methods
.1. Materials
Kaolin powder was purchased from QReC as the ceramic mate-
ial. N-methyl-2-pyrrolidone (NMP) was purchased from Merck
nd used as solvent. Polyethersulfone (PESf) (UDEL) as binder was
rovided by BGOIL CHEM. The kaolin powder and the PESf were
eated up to 100 ◦C in the oven before being used to remove the
dsorbed moisture and were used without any puriﬁcation process.
hen, distilled water was used as a non-solvent coagulant bath.
.2. Preparation of kaolin ceramic support
In this work, the preparation of 12 types of kaolin ceramic
upport was conducted at six different kaolin contents with two dif-
erent kaolin particle sizes labeled as type A and type B. The detailed
ompositions of the dope suspensions are listed in Table 1. Firstly,
he preparation of ceramic suspension was initiated by mixing NMP
nd PESf for 4 h, prior to the addition of kaolin. The ceramic suspen-
ion was stirred at least 24 h by using magnetic stirrer Yellow MAG
S 7 S2 (IKA) and put on the hot plate stirrer, which was set at 60 ◦C.
Prior to the spinning, the suspension was degassed with stir-
ing under vacuum at room temperature and slow stirred at 80 rpm
ntil no bubbles were observable. After that, ceramic supports were
repared via phase inversion technique and casted into a ﬂat sheet.
ext, the prepared ceramic suspension was poured onto a clean and
mooth glass plate of 15 cm × 15 cm at room temperature using a
asting knife. The thickness of the ceramic support was controlled
y using 50 mm adhesive tape that sticked on the glass plate. The34  58.22
39 53.22
cast ﬁlm was  immediately immersed into distilled water at room
temperature condition and solidiﬁed ceramic support was  dried for
24 h. Ceramic supports were cut into the desired shape prior to sin-
tering process. The sintering process was run in two steps; ﬁrstly,
sintering temperature was  set up at 600 ◦C at a rate of 2 ◦C/min
and held for 120 min  so that the binder would be burned off. Then,
the sintering temperature was increased up to 1200 ◦C at a rate
of 5 ◦C/min and held for 240 min  to produce ceramic support. The
ﬁnal sintering temperature of 1200 ◦C was  chosen because it has
proven to produce porous ceramic support according to previous
dilatometric curve (Fig. 6). Finally, temperature was  then reduced
to room temperature at a rate of 5 ◦C/min.
2.3. Characterizations of kaolin powders and kaolin ceramic
membrane
Particle size of kaolin was examined by particle size analyzer
using a CILAS 1180 Liquid machine that can measure powder matter
in sizes ranging from 0.04 to 2500 m.  Field emission scanning elec-
tron microscopy (FESEM, JEOL JSM 7600F) was used to characterize
the structure of kaolin powder. X-ray diffraction (XRD) with Cu-
K radiation (RINT, Ultima III, Rigaku Corp.) and Fourier transform
infrared (FT-IR) spectra using KBr pellets over the range of 4000 to
400 cm−1 (FT/IR-4200 IF, Jasco, Japan) were used to measure kaolin
powder structure and OH-band and stretching, respectively. The
shrinkage of samples is observed and measured at given thermal
cycles using Linseis dilatometer (Linseis L75) in air atmosphere. The
viscosity of ceramic suspension was measured using Brookﬁeld’s
Programmable HADV-IV+ Rheometer. The ceramic suspension pre-
pared was  immediately spindled for viscosity measurement to
avoid viscosity change due to exposure to environment temper-
ature.
In fabrication via phase inversion, the structure of ceramic sup-
port is an important element to be analyzed. In this study, the
structure of ceramic support prepared with different kaolin particle
sizes and contents were examined using FESEM JEOL JSM 7600F.
The ceramic support samples were cut into 2 cm × 2 cm size and
placed on a metal holder, which was then sputtered by platinum
under vacuum before testing. The images of ceramic support were
captured at the magniﬁcation of 300× to examine the overall cross-
section and surface of ceramic support.
According to Akhondi et al. [22], membrane pore size distri-
bution plays an important role toward membrane performances.
Mercury porosimeter (Micrometrics AutoPore IV 9500) was used
to measure the pore size distribution for each prepared support. As
the ceramic support is attractive for its high mechanical strength,
therefore, the prepared ceramic support in this work was tested
via three-point bending test using universal testing machine (AG-1
166 S.K. Hubadillah et al. / Journal of Asian Ceramic Societies 4 (2016) 164–177
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ent particle sizes. As can be observed, the kaolin particles at bothig. 1. Schematic diagram of gas permeation testing for kaolin ceramic support.
HIMADZU). In this work, the bending strength (b) of the ﬂat-sheet
ample is calculated using the following equation [23]:
b =
3PL
2wt2
, (1)
here b is bending strength (MPa), P is fracture force (N), L is
embrane’s span length (m), w is membrane’s width (m)  and t is
he membrane’s thickness (m).
Next, single gas permeation measurement was  conducted
nstead of mixed gas in order to evaluate the gas permeation prop-
rties of the developed kaolin ceramic support, as shown in Fig. 1,
hich could also provide the trends of the material. The gas perme-
tion testing was carried out using pure CO2 (3.30 A˚), O2 (3.46 A˚)
nd N2 (3.64 A˚) as test gases at room temperature and pressure of
 bar. Prior to the testing, the ceramic supports were exposed to a
ure gas stream for approximately 10 min  at a very low pressure in
rder to remove residual air and other gases before measuring the
as permeation properties. The gas test was conducted in triplicate
or each sample to get mean value. Two responses of gas perme-
tion test were obtained: (1) gas permeability and (2) gas selectivity
CO2/N2 and O2/N2), and were calculated based on Eq. (2) [24]:
 = QL
Ap
, (2)here P is gas permeability (cm3 cm cm−2 s−1 cmHg−1), Q is
owrate (mL/s), L is ceramic support’s thickness (cm), A is support’s
Fig. 3. FESEM images of kaolin particles at (ax (Diame ter) / µm 1 1 2
Fig. 2. Particle size distribution of kaolin powders at different types.
effective area (cm2) and p is pressure gradient (cmHg). The selec-
tivity of gas was  calculated as follows:
 ˛ = PA
PB
(3)
3. Results and discussion
3.1. Characteristics of kaolin powder
Different sizes of kaolin particle relatively affect the morphol-
ogy characteristic of ceramic support. Therefore, Fig. 2 shows the
particle size distribution of kaolin powders of type A and type B,
respectively. It can be seen that both kaolin types showed unimodal
distribution of kaolin particle size, which is in line with Lungu et al.
[25]. The size of type A kaolin was  tested between 0.4 and 0.6 m
while type B kaolin ranged between 10 and 15 m.  Expectedly,
the ﬁnal prepared ceramic support is predicted to have diverse
structure, thus affecting support properties and performances.
Fig. 3 represents FESEM images of kaolin powders at differ-particle sizes show crystallinity ﬂake-like structure [26]. The crys-
tallinity of kaolin was  conﬁrmed by XRD, which shows same peak
for both types of kaolin (Fig. 4). A long type of ﬂake-like structure
) Type A kaolin and (b) Type B kaolin.
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Fig. 4. XRD patterns of kaolin powder at different particle sizes.
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4ig. 5. FTIR comparison of kaolin powder at different particle sizes: (a) Type A kaolin
nd  (b) Type B kaolin.
as seen for type B kaolin. This is because that powder has a random
tructure that induces different shapes and sizes [27] and could
hange due to the process preparation. Nevertheless, the particle
gglomeration is observed especially for type A kaolin (Fig. 3(a)).
his is because type A kaolin is much smaller in particle size and
maller particles tend to agglomerate more easily [28]. In addition,
gglomerated particles were formed and a single, large particle size
f kaolin was obtained. There are many studies that describe the
ffect of particles’ agglomeration in ceramic membrane fabrica-
ion via phase inversion technique by other researchers [18–21].
owever, there might be other possible mechanisms that could be
nvolved during phase inversion based on the particles size weight,
s the agglomerated particles might be dispersed, at once inhibi-
ing agglomeration during dope suspension preparation via stirring
echnique prior to ceramic membrane casting.
Fig. 5 shows FTIR analysis for both types of kaolin powder at
ifferent particle sizes and no signiﬁcant difference is observed. It
s concluded that there is no chemical reaction through the effect
f particle size. Thereby, Fig. 6 illustrates dilatometric curve of
aolin at different particle sizes. When compared, type B kaolin
tarts to shrink ﬁrst with just a small gap between both types. Nev-
rtheless, the choice of temperature at 1200 ◦C is suitable in this
ork.Fig. 6. Dilatometric curve kaolin powder at different particle sizes.
3.2. Morphology study of kaolin ceramic membrane support
3.2.1. Cross-sectional
FESEM micrographs of the kaolin ceramic support prepared
from phase inversion technique, casted from twelve different sus-
pensions at different kaolin contents using type A kaolin and
the other six containing different kaolin contents using type B
kaolin are shown in Figs. 7 and 8, respectively. Each six sus-
pensions were containing different kaolin contents of 14 wt.%,
19 wt.%, 24 wt.%, 29 wt.%, 34 wt.% and 39 wt.% with ﬁxed con-
tent of 7.78 wt.% PESf. It can be seen from the micrograph of
Fig. 7(a) that support with 14 wt.% kaolin type A consists of
large macroporous structure occupying up to 90% of the support
thickness, thus inhibiting the formation of ﬁnger-like structure.
Similarly, Fig. 8(a) depicts that the large macroporous struc-
ture is also formed with an increase in size when kaolin type
B is used. This is in contrast to previous result reported by
Liu et al., which used Al2O3 as the main powder [18], while
this work uses kaolin. Therefore, this result is attributed to
the different materials used in this study, which is kaolin. In
addition, as previously mentioned, the weight of kaolin pow-
der at different particle sizes could also be the reason of the
structure formed. Type A kaolin is lighter compared to type B
kaolin, which could affect the movement of particle in suspen-
sion during phase inversion, as shown in Fig. 9. As illustrated,
particle of type A kaolin can move freely due to its light weight
(Fig. 9(b)), and hence formed macroporous voids. Thereby, the
void space formed by type A kaolin remained even after sin-
tering process. Meanwhile, type B kaolin particles tend to move
downward due to gravity effect (Fig. 9(a)). As a result, overall struc-
ture of membrane prepared from type B kaolin produced dense
structure.
The large macroporous voids are further reduced when the
kaolin content is increased to 19 wt.% for support prepared from
type A kaolin, as shown in Fig. 7(b). However, in the case of sup-
port prepared from type B kaolin, the large macroporous voids with
reduced size still exist at kaolin content up to 19 wt.% and 24 wt.%.
At these points, the effect of particle size plays an important role
by affecting the viscosity of suspension, as shown in Fig. 10. It
obviously showed a signiﬁcant difference of suspension viscosity
at two different particle sizes. For example, the viscosity of 14 wt.%
of suspension prepared at kaolin type A is 8.113 × 10 cP, which is
signiﬁcantly higher than suspension prepared by type B kaolin with
the same kaolin content (0.213 × 104 cP).
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A ﬁnger-like voids structure was developed at the top of mem-
rane cross-sectional images, as shown in Fig. 7(c), when the kaolin
ontent was at 24 wt.%. This ﬁnger-like voids structure remained
nd reduced in length with an addition of 29 wt.% and 34 wt.% of
aolin content (Fig. 7(d) and (e)). Interestingly, this structure was
otally diminished and changed to dense top layer region of about
0% and the remaining region is covered by sponge-like layer when
9 wt.% of kaolin content is used. This result agrees with Droushio-
is et al.’s ﬁnding [29]. Their ﬁnding can be explained by the effect of
uspension viscosity that reached a critical level, thus diminishing
he ﬁnger-like structure. In this study, the ﬁnger-like structures
ave been diminished when the critical suspension viscosity is
7.019 × 104 cP. As a result, the sponge-like structure is observed
nstead of ﬁnger-like structure and produces a dense layer.
Fig. 8(d) shows a symmetric structure of support consisting
00% of sponge-like layer resulting from suspension prepared from
ype B kaolin with 29 wt.% of kaolin content. This structure slightly
hanged with the addition of 34 wt.% kaolin content. Addition of
9 wt.% kaolin, as shown in Fig. 8(f), which has a slightly higher
uspension viscosity, results in the same structure of support, as
hown in Fig. 7(f). Therefore, it suggests that the suspension vis-
osity with average value of about 53 × 104 cP could produce an
symmetric structure with a dense layer at the top and sponge-like
ayer at the bottom.e A at different contents: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.%
3.2.2. Surface
The FESEM images in Figs. 11 and 12 depict the surface of sup-
port prepared from type A kaolin and type B kaolin, respectively,
with six different kaolin contents. First, the effect of particle size
can be explained by looking at the arrangement of kaolin particles
of the surface of ﬁnal support. As shown in Fig. 11, the supports
prepared from type A kaolin show small particle with uniform
pore size on the support surface. In comparison to the support pre-
pared from type B kaolin (Fig. 12), the surface of support is rougher
and shows signiﬁcant large kaolin particle size on top of the sup-
port. For example, support from Fig. 11(a) shows dense and smooth
structure while Fig. 12(a) shows rougher structure. The structure
shown in Fig. 11 can be attributed to the rapid precipitation that
occurred due to the light weight of smaller kaolin particles of sup-
port prepared by smaller kaolin particles size (type A), resulting in
a dense structure on top of the support. It is interesting to note that
this result has a connection with previous cross-sectional FESEM
images, as shown in Fig. 7, in which support prepared by smaller
particle induced a ﬁnger-like voids structure, which was also pro-
moted by fast precipitation phenomenon.Secondly, the effect of kaolin content also plays important roles
in the surface change of ceramic support. As can be seen, a sig-
niﬁcant change can be observed by support prepared from type
A kaolin at particle content of 14–19 wt.% with increased amount
S.K. Hubadillah et al. / Journal of Asian Ceramic Societies 4 (2016) 164–177 169
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fig. 8. FESEM images of the support cross-section prepared from kaolin particle siz
nd  (f) 39 wt.%.
f pores on top of the surface, as shown in Fig. 11(a) and (b),
espectively. It is interesting to note that the results obtained in
his work are contrary to the theory proposed by Donelson et al.
30], which mentioned that the addition of kaolin content could
ransform the membrane structure to a much denser structure
ith reduced pores in the amount and size. Besides, the fabrica-
ion technique employed by Donelson and co-researchers was dry
ressing method and they mixed the -alumina powder with dif-
erent kaolin contents (4.2 wt.%, 8.4 wt.% and 12.6 wt.%). It should be
Fig. 9. Schematic diagram of kaolin particle movement in ceramic sue B at different contents: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.%
noted that the dry pressing method has contributed greatly to pro-
duce denser membrane as reported by Cheng et al. in 2005 [31], and
hence affected the pore formation. Further change is still depicted
with increases in the amount of pores but decreases in size with
addition of 24 wt.% of kaolin content. However, the trend is reversed
when kaolin content reached 29–34 wt.%. As shown in Fig. 11(d)
and (e), the pore size signiﬁcantly decreases, varying according to
the effect of addition of kaolin content. Interestingly, addition of
39 wt.% kaolin content increases the pore size on top of the ceramic
spension containing NMP  and PESf: (a) type A and (b) type B.
170 S.K. Hubadillah et al. / Journal of Asian Ce
s
m
v
t
FFig. 10. Viscosity vs. kaolin content at different particle sizes.upport. This suggests that the kaolin content does not cause any
ajor effects toward the support surface structure. Although the
iscosity shows signiﬁcant changes by adding more kaolin content,
he effect of particle size seems to be more dominant in this study.
ig. 11. FESEM images of the support surface prepared from kaolin type A at different coramic Societies 4 (2016) 164–177
In Fig. 12, the surface structures of ceramic support fabricated
from type B kaolin depicted denser structure with increasing kaolin
content from 14 to 39 wt.%. This result is different with previous
ones when different kaolin particle sizes are used. Furthermore,
Fig. 12(d) and (e) shows denser structure when kaolin content
is changed from 29 to 39 wt.%, with decreased pore sizes. This
indicates that during phase inversion process, there is a strong
relationship between particle size and kaolin content.
3.3. Pore size distribution and porosity
In order to verify the structure obtained by FESEM images, the
investigation on the macroporous structure of the ceramic support
from kaolin is further demonstrated by comparing the mercury
intrusion data, as shown in Fig. 13. The red and purple lines rep-
resent the membrane pore size prepared from type A kaolin and
type B kaolin, respectively and six different kaolin contents. It can
be seen that the mean pore size varies for each type of prepared
membranes. According to the data obtained, several types of pores
have been recognized due to the formation of different structures
for each prepared membrane, which was  also obtained by Othman
et al. [32]. In this work, the pore size distribution reveals two  types
of structure. The structures obtained are deﬁned as large macro-
porous or ﬁnger-like voids structure and sponge-like structure. For
ntents: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.% and (f) 39 wt.%.
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aig. 12. FESEM images of the support surface prepared from kaolin type B at differe
upport prepared from type A kaolin, the data show that two peaks
ere obtained, consisting of a peak at 0.81 m,  which is believed to
epresent the sponge-like structure and the value remained with
ecreased intensities prior to the increase of kaolin composition
rom 14 to 24 wt.%. However, the value is shifted to 0.21 m when
aolin content is increased up to 29 wt.%. Accordingly, an obvi-
us peak at 15.08 m is believed to represent large microporous
tructures and the value is decreased to 9.27 and 3.10 m with
n addition of kaolin content to 29 and 34 wt.%, respectively. The
alue is maintained at 1.05 m for support with kaolin content of
9–39 wt.%.
For support prepared from type B kaolin, two peaks are also
bserved when the membrane is prepared at kaolin content of
4–24 wt.% with peak value of 1.12 m and 51.30 m,  representing
ponge-like and macroporous voids in membrane symmetric struc-
ure based on FESEM images (Fig. 8). The peak at 51.30 m is shifted
o 18.7 m with addition of kaolin content at 24 wt.%. Accordingly,
his peak is totally absent at kaolin content of 29–39 wt.% and this
an be attributed to the previous result of FESEM and viscosity data.
imilar discussions have been made due to the effect of increased
iscosity toward membrane structure [32].
Fig. 14 shows the porosity of ceramic support in this work as
 function of effect of kaolin particle sizes and content in spinning
uspension, which was measured using mercury porosimetry anal-
sis. According to Crespo et al., the porosity is an important value
nd the key for membrane support, which is then suggested to haventents: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.% and (f) 39 wt.%.
a porosity value of ∼30% [33]. As expected, the porosity decreases
with the increase of kaolin composition for both of the membranes
prepared from type A kaolin and type B kaolin, respectively, and
not all membranes have passed the value. According to the poros-
ity data shown, there are four membranes that passed the value,
one of which is for membranes prepared from type A kaolin and
three membranes are prepared from type B kaolin. Besides that,
the results are obtained due to the contribution of reduced pore size
structure and the lowest porosity of 23% is achieved by membrane
prepared at higher kaolin content (39 wt.%) and larger particle size
(type B kaolin). Detailed porosity data can be obtained by replot
cumulative porous volume graph, as shown in Figs. 15 and 16.
3.4. Mechanical strength
In this study, the mechanical strength of ceramic support that
was prepared at different kaolin particle sizes and contents is mea-
sured using 3-point bending test, as shown in Fig. 17. The discussion
is divided into two, which are the effect of kaolin content and
kaolin particle size. For membrane prepared from type A kaolin, the
mechanical strength increases with the increase in kaolin content in
spinning suspension and the highest value is 83.29 MPa  for support
prepared at higher kaolin content of 39 wt.%. The same increas-
ing trend is observed for membrane prepared from type B kaolin.
However, the increasing trend is dramatically increased from 12.2
to 93.2 MPa  for membrane prepared from type B kaolin at kaolin
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Fig. 13. Pore size distribution for support fabricated at different kaolin particle sizes and contents: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.% and (f) 39 wt.%.
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mechanical strength of 2.4 MPa. Secondly, the contrasting trend isig. 14. Porosity of the kaolin ceramic support as a function of effect of particle sizes.
ontent up to 29 wt.%. This trend is in agreement with FESEM
mages and pore size distribution, as shown in Figs. 8 and 13, respec-
ively.
In comparison to the effect of kaolin particle size in this
ork, there are two trends of mechanical strength that can be
bserved. Firstly, the mechanical strength is higher for membrane
repared from type A kaolin compared to membrane preparedFig. 15. Cumulative porous volume (%) as a function of pore size for kaolin ceramic
support prepared at different kaolin contents using type A kaolin.
from type B kaolin and it is observed in the support prepared from
kaolin content of 14–24 wt.%. For example, 14 wt.% kaolin con-
tent of prepared support from type A kaolin shows a mechanical
strength of 12.1 MPa  while support from type B kaolin shows aobserved for membrane from type B kaolin, which shows a higher
mechanical strength compared to membrane prepared from type
A kaolin. This is observed by support prepared at kaolin content of
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Fig. 16. Cumulative porous volume (%) as a function of pore size for kaolin ceramic
support prepared at different kaolin contents using type B kaolin.
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Table 2
Average surface roughness of the membrane (m) prepared at different kaolin par-
ticle sizes and contents.
Kaolin content (wt.%) Type A Type B
14 0.254 ± 0.03 0.280 ± 0.08
19  0.195 ± 0.08 0.246 ± 0.04
24  0.134 ± 0.05 0.209 ± 0.07
29  0.128 ± 0.07 0.118 ± 0.05
34  0.121 ± 0.06 0.112 ± 0.03
application. Moreover, with the increase of the kaolin content, theig. 17. Mechanical strength of the kaolin ceramic support on the effect of particle
ize at different kaolin contents.
9–39 wt.% kaolin content. It indicates that the mechanical strength
s increased with the diminishing of macrovoids in the membrane
tructure. Similar observations have been obtained by Othman et al.
32]. Nevertheless, this also conﬁrms that porosity value of ∼30%
atisﬁes mechanical strength although there is no huge difference
n porosity value.
.5. Surface roughness
Figs. 18 and 19 present three-dimensional AFM images of
eramic support from type A kaolin and type B kaolin, respectively,
t different kaolin contents. Surface roughness was analyzed from
FM scans, in 10 m × 10 m spots. The brightest area reveals the
ighest point of the membrane while the dark area presents valleys
r membranes pores. From the result, the 3D AFM images reveal
he decreasing dark area with increasing kaolin content, thus, indi-
ating decreasing membrane pore size. This is observed for both
embrane conditions prepared at different particle sizes (type A
aolin and type B kaolin). However, for support prepared from type
 kaolin, the three-dimensional AFM images contradict surface39  0.113 ± 0.06 0.105 ± 0.03
FESEM images. It might be because the area of AFM tip promotes
some errors to the result.
It is well known that membrane surface roughness is an impor-
tant parameter in gas permeability, especially for membrane
support. As mentioned by Burggraaf and Cot in their work [34],
surface roughness can determine the maximum size and sharp-
ness of ﬂaws, which can act as crack initiates. This is to produce
defect-free membrane layer that will be applied to the ceramic
support by minimum roughness. It means that the lower value of
surface roughness should be obtained to avoid crack support. By
referring to Kumar’s result [35], it is reported that the small value of
surface roughness at 0.18, 0.12 and 0.04 m is obtained by dip coat-
ing of -alumina layers on -alumina membrane and produce no
cracks. However, later result by Kosinov et al. [36] shows a reverse
mechanism, which stated that rougher surface should be obtained
in avoiding cracking of the SSZ-13 zeolite layer during its detem-
plation. Therefore, it suggests that the ceramic support roughness
should depend on the type of layer material coated on the support.
Table 2 presents the surface roughness (Ra) of ceramic support
at different kaolin particle sizes and contents. In the result, six
ceramic supports prepared at kaolin particle less than 1 m have
decreasing surface roughness value with increasing kaolin content.
Similar trend is observed by another six ceramic supports prepared
at kaolin particle size of more than 10 m.  It is noticed that ceramic
support prepared at kaolin content of 14–24 wt.% from type B kaolin
shows higher value compared to support prepared from type A
kaolin. This value is varied with the surface FESEM images, as shown
in Figs. 7 and 8. However, a reverse trend is presented when kaolin
content reached 39 wt.% from 29 wt.%, in which support prepared
from type B kaolin is smoother than support prepared from type
A kaolin. This result conﬁrms the obtained surface FESEM images,
thus indicating that the surface roughness of ceramic support from
kaolin via phase inversion technique could be controlled by the
effect of kaolin particle size and content.
3.6. Gas separation performance
As the aim of this work is to investigate the effect of kaolin par-
ticle size and content in fabrication of ceramic support toward gas
separation performance from kaolin via phase inversion, Table 3
presents the data for gas permeability and selectivity. In this work,
the selectivity is measured to conﬁrm the fabricated ceramic mem-
brane is suitable for ceramic support function. As can be seen,
there are no data for certain support, which is written as not
available (n/a). This result is in agreement with the formation of
large microvoids in cross-section FESEM images and low mechan-
ical strength. There are two  ceramic supports that do not have
data for support prepared from type A kaolin while three supports
from type B kaolin. Therefore, this indicates that ceramic supports
with mechanical strength below 17 MPa  are not suitable for gasgas permeability for CO2, O2 and N2 decreases for both supports
prepared at different particle sizes, respectively, which indicates
that the pore size distribution decreases with an increase in kaolin
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iig. 18. Membrane surface roughness and AFM 3D images from kaolin particle size
nd  (f) 39 wt.%.
ontent. As an example, after adding the highest kaolin content
f 39 wt.% at prepared membrane from type A kaolin, the CO2 gas
ermeability decreases from 166.14 to 138.75 GPU. For selectivity
esult, the value for selectivity is not according to the kinetic size
f gas. This is because support pore size obtained as analyzed by
ercury intrusion porosimetry is bigger than gas size, as shown
n Fig. 10. Therefore, by having higher permeability and lower A at different contents: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.%
selectivity result, it conﬁrms that this support could be used in gas
separation application.
Based on the discussion on the effects of kaolin particle size
and content on microstructure, pore size distribution, porosity,
mechanical strength, surface roughness, gas ﬂux and selectivity,
the support prepared at kaolin particle size of less than 1 m and
kaolin content of 24–39 wt.% is recommended to fabricate low cost
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t conte
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o
oFig. 19. Membrane AFM 3D images from kaolin particle sizes type B at differen
eramic support toward other parameters, such as effect of non-
olvent coagulant bath. This is recommended in future research
o investigate the effect of non-solvent coagulant bath toward the
icrostructure of support from kaolin on its characterization based
n a previous study by Wang et al. [2]. Further work will be carried
ut based on this study.nts: (a) 14 wt.%, (b) 19 wt.%, (c) 24 wt.%, (d) 29 wt.%, (e) 34 wt.% and (f) 39 wt.%.
3.7. Comparison between mechanical strength value of samples
prepared in this work and reported in the literatureRelated to this work, Harabi and co-workers [37–48] have inves-
tigated most of the ceramic support fabrication from kaolin and
reported mechanical strength value and porosity. Based on the
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Table 3
Gas permeation performance of kaolin ceramic support at different kaolin particle sizes and contents.
Kaolin particle size Kaolin content (wt.%) Gas permeability (GPU) Gas selectivity (GPU)
CO2 O2 N2 CO2/N2 O2/N2
Type A
14 n/a n/a n/a n/a n/a
19  n/a n/a n/a n/a n/a
24  166.14 159.83 39.77 4.18 4.02
29  141.87 152.12 33.49 4.24 4.54
34  140.29 141.08 30.87 4.54 4.57
39  138.75 123.79 26.58 5.22 4.66
Type  B
14 n/a n/a n/a n/a n/a
19  n/a n/a n/a n/a n/a
24  n/a n/a n/a n/a n/a
29  167.24 157.83 39.58 4.23 3.99
34  157.83 163.98 36.02 4.38 4.55
39  156.85 125.63 24.47 6.41 5.13
Table 4
Comparison between mechanical properties values of the prepared materials in this study and those reported in the literature.
No Raw material Fabrication technique Porosity (%) Mechanical strength (MPa) Ref.
1 Domestic kaolin + CaCO3 1. Extrusion2. Roll pressing 50–56 67 [37]
2 Clay + starch Slip casting 28–52 Not tested [38]
3 Domestic kaolin + CaCO3 Extrusion 52 23 [39]
4 Kaolin + starch 1. Extrusion2. Roll pressing 46–62 5–25 [40]
5 Kaolin + CaCO3 (substrate)Zirconia (layer) Slip casting 51–56 Not tested [41]
6 Kaolin + CaCO3 (substrate)Zirconia (layer) Slip casting 48–54 42 [42]
7 Kaolin + CaCO3 Extrusion 52 25 [43]
8 Sand + sodium phosphate Pressing 25–35 4–24 [44]
9 Kaolin + CaCO3 Extrusion 50.5 28 [45]
10 Kaolin + CaO Extrusion 36–48 25–60 [46]
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[11 Natural hydroxyapatite (NHA) Pressing 
12 NHA + B2O3 Pressing 
13 Kaolin Phase inversion 
revious study, mechanical strength depended on the porosity.
his work is allowed for ∼30% porosity value. Therefore, the works
nvestigated by Harabi and co-workers are compared with the
resent work and presented in Table 4.
. Conclusion
A total of 12 kaolin ceramic supports prepared at different kaolin
ontents and particle sizes have successfully been prepared via
hase inversion technique with different morphologies. The dif-
erent structure obtained is discussed in terms of precipitation rate
ased on the weight promoted by different sizes of kaolin particles.
n addition, the effect of particle size caused signiﬁcant changes in
he viscosity, as the viscosity of smaller kaolin (type A kaolin) is
igher than larger kaolin (type B kaolin), which is also observed
hen more kaolin content is added. From the cross-section FESEM
mages, it can be observed that the ﬁnger-like look-alike structure
ould be seen in ceramic membrane prepared by smaller kaolin par-
icle size. However, this study discussed the structure in terms of
icrovoids size obtained. At ﬁrst, the membrane from larger kaolin
roduced larger microvoids compared to membranes prepared by
maller kaolin; however, the observation conversely changed when
he kaolin composition reached up to 29 wt.% and produced denser
tructure. In this study, it is also noticed that membrane with
arger microvoids diminished the membrane mechanical strength
nd at the same time prohibited gas testing. However, membrane
repared by smaller particle with kaolin content up to 24 wt.%
ossessed good mechanical strength with asymmetric structure.
herefore, it can be concluded that smaller particle size induced
symmetric structure and consequently would signiﬁcantly affect
he overall properties and performance. However, further experi-
ental works are needed to investigate the effect of sintering on
his type of support for future study. In addition, ﬂat sheet type
[
[
[36.4 18 [47]
36.4 18 [48]
∼30 98.9 Present work
is difﬁcult to handle and need to control the thickness. Therefore,
hollow ﬁbre type is interesting to be studied.
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